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The function of the p53 tumor suppressor protein must be highly regulated because p53 can cause cell death
and prevent tumorigenesis. In cultured cells, the p90MDM2 protein blocks the transcriptional activation domain
of p53 and also stimulates the degradation of p53. Here we provide the first conclusive demonstration that
p90MDM2 constitutively regulates p53 activity in homeostatic tissues. Mice with a hypomorphic allele of mdm2
revealed a heretofore unknown role for mdm2 in lymphopoiesis and epithelial cell survival. Phenotypic analyses
revealed that both the transcriptional activation and apoptotic functions of p53 were increased in these mice.
However, the level of p53 protein was not coordinately increased, suggesting that p90MDM2 can inhibit the
transcriptional activation and apoptotic functions of p53 in a manner independent of degradation. Cre-
mediated deletion of mdm2 caused a greater accumulation of p53, demonstrating that p90MDM2 constitutively
regulates both the activity and the level of p53 in homeostatic tissues. The observation that only a subset of
tissues with activated p53 underwent apoptosis indicates that factors other than p90MDM2 determine the
physiological consequences of p53 activation. Furthermore, reduction of mdm2 in vivo resulted in radiosensi-
tivity, highlighting the importance of mdm2 as a potential target for adjuvant cancer therapies.

The mdm2 gene is essential for murine development unless
the p53 tumor suppressor gene is inactivated (21, 43). mdm2
was discovered through its amplification on murine double-
minute chromosomes (7) and encodes a negative regulator of
p53, p90MDM2, which inhibits p53 in two genetically distinct
ways in cultured cells (28). p90MDM2 binds directly to the
transcriptional activation domain of p53 and blocks p53-de-
pendent transcription (42, 46, 54). In addition, p90MDM2 ubiq-
uitinates p53, stimulating its export from the nucleus (8, 50) as
well as its degradation (15, 18, 27). It is not clear which of these
inhibitory functions of p90MDM2 checks the function of p53
during embryogenesis; however, control of p53 is critical, be-
cause p53 can both arrest the cell cycle and induce apoptosis
(23, 61).

p53 is critical for preventing tumors in humans and mice (6,
17, 20). However, since activation of p53 can be detrimental to
cell survival, the mechanisms controlling the activity of p53
must be exquisitely balanced. In spite of their importance, little
is known of the mechanisms that keep the activity of p53 low or
undetectable in adult murine tissues (3, 10, 25, 34, 35, 37, 47).
p53 protein is expressed in multiple murine tissues, and both
its levels and activity are increased in response to whole-body
ionizing radiation (40). Although some of the factors that ac-
tivate p53 in response to DNA damage have been identified,
none have been shown to influence the basal level or activity of
p53.

In cultured cells, p53 constitutively stimulates expression of
mdm2 (37), thereby determining the level of its own inhibitor,
p90MDM2. This autoregulatory loop has given rise to a model in
which p53 maintains its low basal level and activity by deter-
mining the level of p90MDM2 (1, 60). Although the p53/MDM2
autoregulatory loop model is appealing, it does not strictly
apply to homeostatic tissues. The regulatory interactions be-
tween p53 and mdm2 clearly differ between cultured cells and
intact tissues. Whereas p53 constitutively regulates mdm2 ex-
pression in cultured cells, it does not regulate the basal level of
mdm2 expression in vivo (31, 37). However, p53 does stimulate
mdm2 expression following whole-body ionizing radiation, sug-
gesting that the p53/MDM2 autoregulatory loop may operate
in vivo under specific conditions (37).

It is not known whether mdm2 is critical for regulating p53
constitutively in homeostatic tissues. Indirect evidence for a
role for p90MDM2 in regulating p53 in adult tissues comes from
studies of human tumors. In the subset of human tumors lack-
ing inactivating mutations in p53, mdm2 is often overexpressed
(30, 45), suggesting that high levels of p90MDM2 can substitute
for mutation of p53 and allow tumorigenesis. Indeed, inhibi-
tion of p90MDM2 expression in cultured human tumor lines
activates wild-type p53, indicating that p90MDM2 constitutively
blocks the activity of p53 in these cells (4). Recently, the
physical interaction between p53 and p90MDM2 has become the
target of adjuvant chemotherapies designed to sensitize human
tumors to cancer therapies that rely on activation of p53 for
their efficacy (2, 32, 33, 41). The utility of such therapies de-
pends in part on whether p90MDM2 is critical for inhibiting p53
in homeostatic tissues. If p90MDM2 is critical for maintaining
low levels of p53 activity, inhibition of the p90MDM2/p53 inter-
action could induce widespread apoptosis that would be det-
rimental to the patient.
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To test whether mdm2 was critical for regulating p53 under
homeostatic conditions, we generated a conditionally null al-
lele of mdm2. In doing so, we fortuitously generated a hypo-
morphic allele of mdm2 (mdm2puro) that expresses reduced
amounts of mdm2 mRNA and p90MDM2. Mice carrying one
mdm2puro allele and a known null allele of mdm2 are small,
lymphopenic, and radiosensitive, with an increased frequency
of apoptosis in both lymphocytes and epithelial cells. All of
these phenotypes were dependent on p53, demonstrating that
p90MDM2 does inhibit p53 constitutively in homeostatic tissues.
However, although both the transcriptional activation and ap-
optotic functions of p53 are enhanced in mice expressing re-
duced levels of mdm2, the level of p53 protein is not coordi-
nately increased. These results have important implications for
rational approaches to activating p53 in human tumors.

MATERIALS AND METHODS

Generation of targeted ES cells. Constructs containing genomic sequences of
mdm2 from a murine 129/Sv genomic library were obtained from Stephen Jones,
University of Massachusetts (21). To generate the targeting vector, a PGKpuro
cassette flanked by loxP sites was inserted into an EcoRI site within mdm2 intron
6 in the same transcriptional orientation as mdm2. An 87-bp fragment containing
a third loxP site was introduced into a HincII site within mdm2 intron 9. The
herpes simplex virus thymidine kinase gene was cloned 1.7 kb upstream of mdm2
exon 7.

129/Sv-derived AB2.2 embryonic stem (ES) cells were electroporated with 30
�g of KpnI-linearized targeting vector DNA and selected in medium containing
3 �g of puromycin (Sigma) per ml and 2 �M ganciclovir 24 h after electropo-
ration. Doubly-resistant ES clones were screened for homologous recombination
at the 5� end of the mdm2 allele by Southern analysis of BamHI-digested
genomic DNA with a 0.7-kb BamHI-KpnI fragment of mdm2 intron 6 (probe a)
external to the targeting vector. ES clones scoring positive were screened by
Southern analysis of NdeI-digested DNA with a 750-bp fragment of mdm2 exon
12 (probe c) to detect homologous recombination at the 3� end of the targeting
vector. The presence of the loxP site 3� to mdm2 exon 9 was confirmed by
Southern blot analysis of BamHI-digested DNA with a 500-bp HincII fragment
(probe b) spanning exon 9.

Generation of mice carrying mdm2puro, mdm2flox, and mdm2�7-9 alleles. The
University of Wisconsin Transgenic Animal Facility injected mdm2puro/� ES cells
into C57BL/6 blastocysts. Chimeric males from two ES cell lines (64 and 125)
were used to produce mdm2�/puro mice on a mixed C57BL/6 � 129/Sv genetic
background as well as an inbred 129/Sv background (Taconic). mdm2�/flox and
mdm2�/�7-9 mice were created by mating mdm2�/puro mice to transgenic mice
expressing Cre under control of the minimal rosa26 promoter (R26-Cre mice).
The R26-Cre mice were kindly provided by Eric Sandgren, University of Wis-
consin, and have been given the designation TgN(R26cre)15EPS (11). Mx-Cre
mice were obtained from John Petrini with the kind permission of Klaus Rajew-
ski (29).

Genotyping and maintenance of mice. The mdm2puro and mdm2� alleles were
distinguished with primers 5�-CTGTGTGAGCTGAGGGAGATGTG-3� and 5�-
CCTGGATTTAATCTGCAGCACTC-3�, which yield a 397-bp (mdm2puro) and
310-bp (mdm2�) PCR product, respectively. The mdm2flox allele was detected
with primers 5�-GTATTGGGCATGTGTTAGACTGG-3� and 5�-CTTCAGAT
CACTCCCACCTTC-3�, which yield a 225-bp (mdm2flox) and 125-bp (mdm2�)
PCR product, respectively. The mdm2�7-12 allele was detected with primers
5�-GGCAAAGGATGTGATACGTGGAAG-3� and 5�-CCAGTTTCACTAAT
GACACAAACATG-3� in the hprt minigene, which yield an 830-bp PCR prod-
uct. The mdm2�7-9 allele was detected with primers 5�-GTATTGGGCATGTG
TTAGACTGG-3� and 5�-CCTGGATTTAATCTGCAGCACTC-3�, which yield
a 240-bp PCR product.

Mice were housed in an American Association for the Accreditation of Lab-
oratory Animal Care-approved facility. The mdm2�7-12 allele (21) was back-
crossed to C57BL/6 mice (Jackson Laboratory) for eight to ten generations and
also maintained on a mixed 129/Sv � C57BL/6 background. mdm2flox/�7-12 mice
were of mixed genetic background (FVB � 129/Sv � C57BL/6) and were com-
pared with their littermates. 129/Sv and C57BL/6 mice carrying a deletion for p53
(20) were obtained from Paul Lambert (University of Wisconsin). All mice were
analyzed at 5 to 6 weeks of age unless otherwise noted.

Conditional deletion of mdm2. Upon injection of double-stranded RNA, ex-
pression of cre can be induced efficiently in the spleen, liver, and thymus of mice
carrying the cre gene under the control of an interferon-responsive promoter,
Mx-1 (29). mdm2flox/� mice carrying one Mx-cre allele were bred to mdm2�/�7-12

mice to generate mdm2flox/�7-12 Mx-cre� mice and controls. Cre expression was
induced as described before (29), and 48 h after induction, tissues were isolated.
Conversion of the mdm2flox allele to the mdm2�7-9 allele was assessed by PCR.

Flow cytometry. Bone marrow cells were flushed from both femurs with phos-
phate-buffered saline supplemented with 3% fetal bovine serum (PF3). Single-
cell suspensions from spleen and thymus were prepared by pressing tissues
between frosted-glass microscope slides and dispersing cells in PF3. Contami-
nating mature erythrocytes were lysed in Gey’s solution. Aliquots of 5 � 105 cells
were stained with the indicated antibody and appropriate isotype controls. He-
matopoietic lineages were identified with fluorescein isothiocyanate-conjugated
anti-CD4 (clone GK1.5), phycoerythrin-conjugated anti-CD8 (clone 53-6.7), flu-
orescein isothiocyanate-conjugated anti-CD45R/B220 (clone RA3-6B2), phyco-
erythrin-conjugated anti-immunoglobulin M (clone R6-60.2), and phycoerythrin-
conjugated anti-CD43 (clone S7) (BD-Pharmingen). Following a 20-min
incubation on ice, cells were washed and resuspended in PF3.

To assess apoptosis, 106 cells were stained either for CD8, CD4, or B220 as
described above. An aliquot of 2 � 105 cells was removed, washed in annexin
binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2, pH 7.4), and
incubated with annexin V (633 conjugate; Molecular Probes) for 15 min at room
temperature. The cells were then diluted in cold annexin binding buffer and
incubated with propidium iodide. Early apoptotic (annexin positive, propidium
iodide negative) cells were counted on a FACSCalibur flow cytometer, and the
data were analyzed with Cell Quest software (Becton Dickinson).

Peripheral blood analysis. Peripheral blood was collected from the retroor-
bital sinus of anesthetized mice and transferred immediately into Microtainer
tubes containing dipotassium EDTA (Becton Dickinson). Complete blood
counts were performed by the Clinical Pathology Laboratory of the Veterinary
Medical Teaching Hospital at the University of Wisconsin School of Veterinary
Medicine with an Advia 120 automated hematology analyzer (Bayer). Differen-
tial counts were performed manually.

Histology and cytology. Tissues were fixed in 10% neutral buffered formalin,
dehydrated, and embedded in paraffin blocks. Apoptosis was assayed by detect-
ing terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick-end label-
ing (TUNEL)-positive cells with an ApopTag Fluorescein Plus in situ apoptosis
detection kit (Intergen), with the following modifications of the recommended
protocol. Following incubation with terminal deoxynucleotidyltransferase en-
zyme, slides were incubated in stop-wash buffer for 30 min at 37°C. After
antidigoxigenin conjugate was applied, slides were incubated for 1 h at room
temperature. Slides were mounted under glass coverslips with Vectashield anti-
fade mounting medium (Vector) containing 0.5 �g of propidium iodide per ml
and visualized on a Bio-Rad MRC 1024 laser scanning confocal microscope at
the Keck Biological Imaging Laboratory (University of Wisconsin). For bone
marrow differential counts, cells were placed onto glass slides with fine brushes,
air dried, and stained with Wright stain.

In vivo radiation sensitivity. At 5 to 6 weeks of age, mice were irradiated with
� rays from a 137cesium source at a dose rate of 3.1 gray (Gy)/min and monitored
daily.

Northern analyses. Northern blots were prepared and probed for the glycer-
aldehyde-3-phosphate dehydrogenase (gapdh) and mdm2 genes as described
previously (38). The p21 probe was a 750-bp EcoRI fragment from pCMW35 (a
gift from Bert Vogelstein, Johns Hopkins University).

Western analyses. Whole tissues were lysed in radioimmunoprecipitation as-
say (RIPA) buffer (16) supplemented with the protease inhibitors phenylmeth-
ylsulfonyl fluoride, aprotinin, and leupeptin. For the analysis of p90MDM2 ex-
pression, p90MDM2 was immunoprecipitated from 1.5 mg of lysate and detected
by Western analysis as described previously (48). For analysis of p53, TATA-
binding protein (TBP), and p21 levels, 100 �g of lysates of whole thymuses or
spleens were loaded in each lane. Individual thymocytes were isolated as de-
scribed above, and 2 � 106 cell equivalents were loaded in each lane. p53 was
detected with the CM5 polyclonal antiserum (Novocastra), TBP was detected
with a monoclonal antibody from Richard Burgess (University of Wisconsin),
p21 was detected with monoclonal antibody F-5 (Santa Cruz), and BAX was
detected with polyclonal antibody N-20 (Santa Cruz). Secondary antibodies con-
jugated to horseradish peroxidase were anti-mouse immunoglobulin G (Ameri-
can Qualex) and anti-rabbit immunoglobulin G (Sigma). Signals were detected
by enhanced chemiluminescence (Amersham).

Cell cycle analysis of MEFs. Mouse embryo fibroblasts (MEFs) with various
mdm2 genotypes were isolated from 14-day-old embryos and plated in triplicate
at a density of 106 cells per 10-cm dish at passage 2 (55). Every 3 days, the cells
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were trypsinized, counted, and replated at the starting density. To determine
sensitivity to ionizing irradiation, MEFs were plated at a density of 5 � 105 cells
per 6-cm dish and irradiated with either 2 or 8 Gy 24 h after plating. At 16 h
following treatment, irradiated and untreated cells were labeled with 10 �M
bromodeoxyuridine for 4 h (24). Cells were fixed with 70% ethanol, and nuclei
were prepared for staining by established methods (52). The nuclei were stained
for 1 h with fluorescein isothiocyanate-conjugated antibromodeoxyuridine anti-
body (Becton Dickinson), incubated overnight with 0.3 mg of RNase A per ml,
and then stained with 50 �g of propidium iodide per ml. Propidium iodide and
bromodeoxyuridine incorporation were quantitated on a FACSCalibur flow cy-
tometer.

RESULTS

mdm2 Gene Targeting. To generate a conditional allele of
mdm2 (mdm2puro), we flanked mdm2 exons 7 through 9 with
Cre recombination (loxP) sites (Fig. 1A) (51) so that Cre-
mediated recombination would remove three critical coding
exons of mdm2 (mdm2�7-9). A third loxP site was placed 5� of
the puromycin resistance (puro) cassette to allow its removal
after targeting. ES cells were electroporated with the targeting

FIG. 1. Generation and characterization of a hypomorphic allele of mdm2. (A) Partial structure of murine mdm2 locus, known null allele
(mdm2�7-12), targeting vector, hypomorphic conditional allele (mdm2puro), recombined null allele (mdm2�7-9), and recombined conditional allele
(mdm2flox). Abbreviations: loxP, Cre recombination site; hprt, hypoxanthine phosphoribosyl transferase minigene cassette; puro, puromycin
resistance cassette; tk, herpes simplex virus thymidine kinase cassette. N, NdeI; B, BamHI; K, KpnI. Probes a, b, and c were used for the experiment
shown in panel B. (B) Representative Southern analyses of targeted ES cells. Genomic DNA was digested with BamHI or NdeI and probed as
indicated. Approximate sizes of fragments from wild-type and targeted alleles were 2.6 and 4.7 kb, respectively (probe a), 1.7 and 1.2 kb,
respectively (probe b), and 13.0 and 15.1 kb, respectively (probe c). (C) Northern analysis of mdm2 mRNA in multiple tissues. gapdh mRNA was
used as an internal control. (D and E) Immunoprecipitation followed by Western analysis of p90MDM2 in testes from (D) mdm2puro/�7-12 and
(E) mdm2flox/�7-12 mice and respective control mice. Lanes 1 to 3, decreasing amounts of lysate from DM3T3 cells were used as standards. Lane
4, preimmune serum was incubated with lysate from a wild-type testis as a negative control. Lanes 5 to 8, lysates from the testis of mice of the
indicated genotypes were incubated with antiserum to MDM2. (F and G) Average 5-week body weights of (F) mdm2puro/�7-12 and (G) mdm2flox/�7-12

mice and control mice. The average body weights of 5-week-old mdm2puro/puro mice are included in panel F.

464 MENDRYSA ET AL. MOL. CELL. BIOL.



vector, and ES cells surviving selection were screened by
Southern analysis (Fig. 1B). Lines of mice from two indepen-
dently derived mdm2�/puro ES cell clones were established on
both a mixed C57BL/6 � 129/Sv and an inbred 129/Sv back-
ground, all of which demonstrated the phenotypes reported
here.

The functionality of the mdm2puro allele prior to Cre-medi-
ated recombination was assessed by its ability to rescue the
embryonic lethality of mice lacking mdm2. mdm2�/puro mice
were bred to mice carrying one wild-type allele and one known
null allele of mdm2 (mdm2�/�7-12) (21). Among the progeny of
such matings were compound heterozygotes of the genotype
mdm2puro/�7-12, demonstrating that mdm2puro is a functional
mdm2 allele (see below). With a similar genetic approach, we
verified that a recombined mdm2 allele lacking exons 7 to 9
(mdm2�7-9) was functionally inactive.

By breeding mdm2�/puro mice to R26-Cre mice (11), we
obtained mice with germ line mdm2 alleles that had undergone
complete recombination (mdm2�7-9) or had selectively lost the
puromycin cassette (mdm2flox) (Fig. 1A). Of 137 progeny from
matings between mdm2�/�7-9 and mdm2�/�7-12 mice, none
were of the genotype mdm2�7-9/�7-12, indicating that the
mdm2�7-9 allele cannot rescue the mdm2 null phenotype (P �
0.001). Furthermore, when mdm2�/�7-9 heterozygotes were in-
terbred, no mice of the genotype mdm2�7-9/�7-9 were born (0 of
160 offspring; P � 0.001). These tests indicate that the
mdm2�7-9 allele is nonfunctional. Further testing of the
mdm2�7-9 allele (see below) demonstrated that it was function-
ally equivalent to the known null allele mdm2�7-12.

mdm2puro is a hypomorphic allele of mdm2. The percentage
of mdm2puro/�7-12 mice obtained from matings between
mdm2�/puro and mdm2�/�7-12 mice was slightly lower than the
expected Mendelian frequency of 25%, suggesting that a sub-
set of these mice was dying in utero. This underrepresentation
was clearest in female progeny. On mixed and F1 C57BL/6 �
129/Sv genetic backgrounds, the percentage of female
mdm2puro/�7-12 mice was only 15 and 16%, respectively (P �
0.05). The presence of the puromycin resistance cassette ac-
counts for the decreased viability of female mdm2puro/�7-12

mice, since female mdm2flox/�7-12 mice, which differ from
mdm2puro/�7-12 mice only by the absence of the puromycin
cassette, were born at the expected frequency.

We reasoned that the partially penetrant embryonic lethality
observed in mdm2puro/�7-12 mice might result from interfer-
ence of the puromycin cassette with mdm2 expression. North-
ern analysis revealed that, in all tissues examined, expression of
mdm2 was reduced approximately 50% in mdm2�/�7-12 mice
relative to wild-type mice (Fig. 1C) consistent with a 50%
reduction in mdm2 gene dosage. The level of mdm2 mRNA in
tissues from mdm2puro/�7-12 mice was further reduced to, on
average, 30% of the level in wild-type tissues. Detection of
p90MDM2 by immunoprecipitation followed by Western anal-
ysis demonstrated that mdm2puro/�7-12 mice also expressed less
p90MDM2 than wild-type, mdm2�/puro, or mdm2�/�7-12 mice in
the testis (Fig. 1D), thymus, spleen, and brain (data not
shown). Decreased expression of p90MDM2 in mdm2puro/�7-12

tissues was dependent on the puromycin cassette, as the levels
of p90MDM2 in tissues from mdm2flox/�7-12 mice and mdm2�/�7-12

mice were equivalent (Fig. 1E). Thus, the puromycin cassette

reduces expression of mdm2 and p90MDM2 in multiple adult tis-
sues.

Together, these data demonstrate that the mdm2puro allele is
hypomorphic, whereas the mdm2flox allele is functionally wild
type. The low level of mdm2 expression in mdm2puro/�7-12 mice
allowed us to perform a comprehensive analysis of the physi-
ological functions of mdm2 because it eliminated the need to
select tissues for Cre expression. In characterizing the
mdm2puro/�7-12 mice, we determined that mdm2 regulates the
activity of p53 in homeostatic tissues.

Decreased body weight in mdm2puro/�7-12 mice. Viable
mdm2puro/�7-12 mice developed normally, with no increase in
lethality upon weaning. At five weeks of age, a 15 to 20%
reduction in body weight was evident in both male and female
mdm2puro/�7-12 mice compared with wild-type mice (Fig. 1F).
In contrast, age-matched mdm2puro/puro mice (Fig. 1F) and
mdm2flox/�7-12 mice (Fig. 1G) were comparable in weight to
wild-type mice, demonstrating that normal body weight is de-
pendent on the level of mdm2 expression. All organs examined
were smaller in both male and female mdm2puro/�7-12 mice
than in wild-type mice, with the most dramatic reductions in
the lymphoid organs (Table 1). Histological analyses of the
liver, kidney, and intestines failed to reveal any obvious defects
that could account for the reduction in body weight. The de-
crease in both body weight and organ size were also seen in
mdm2puro/�7-9 mice, indicating that our new deleted allele is
functionally similar to the known mdm2�7-12 allele.

mdm2puro/�7-12 mice exhibit defects in multiple hematopoi-
etic lineages. Complete blood count analysis of peripheral
blood revealed a mild anemia in mdm2puro/�7-12 mice, which
had a red blood cell count that was 82% of that of wild-type
mice (Table 2). The white blood cell count in mdm2puro/�7-12

mice was only 30% of the wild-type count. This dramatic re-
duction in white blood cells was paralleled by a decrease in the
concentration of lymphocytes to 37% of that of wild-type mice.
In contrast, the concentration of neutrophils was 60% of the
wild-type value, suggesting that the deficiency in white blood
cells is largely due to a decrease in lymphocytes.

The spleen, thymus, and bone marrow of mdm2puro/�7-12

mice also showed decreases in the number of lymphoid cells
(Fig. 2A to C). The spleens of mdm2puro/�7-12 mice contained,
on average, 34% of the number of cells in spleens from wild-
type mice (Fig. 2D). Flow cytometric analysis indicated the
number of T cells in mdm2puro/�7-12 mice was reduced to 40%
of that in the wild type, whereas the B cells were reduced to
15% (Fig. 2D). Thus, decreased splenic cellularity of
mdm2puro/�7-12 mice is attributed to deficits in both T and B
lymphocytes stemming from a subphysiological level of mdm2.

TABLE 1. Comparison of wet weights of tissues from age-matched
wild-type and mdm2puro/�7–12 micea

Tissue Age (wk)
Ratio, mdm2puro/�7–12/mdm2�/�

Males Females

Kidney 10 0.8 � 0.2 (0.01) 0.8 � 0.1 (0.06)
Liver 10 0.9 � 0.2 (0.34) 0.6 � 0.2 (0.02)
Spleen 10 0.7 � 0.3 (0.02) 0.4 � 0.1 (0.02)
Thymus 5 0.4 � 0.1 (�0.001) 0.4 � 0.1 (0.001)

a Presented as the ratio of the average weight � standard deviation (P).
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Consistent with the dramatic reduction in thymus weight,
mdm2 was also determined to be critical for thymocyte devel-
opment. The thymi of mdm2puro/�7-12 mice were hypocellular
(Fig. 2B), containing on average 5% of the number of thymo-
cytes present in wild-type mice (Fig. 2F). During T-cell devel-
opment, thymocytes progress from a CD4	 CD8	 double-
negative stage to a CD4� CD8� double-positive stage and then
to either a CD4� or a CD8� single-positive stage (19). Flow
cytometric analysis with CD4 and CD8 markers revealed a
significant reduction in the absolute number of thymocytes in
all differentiation stages in mdm2puro/�7-12 mice (Fig. 2E and
F). The relative proportion of double-positive thymocytes was
decreased 20 to 40% compared with wild-type mice (Fig. 2F),
suggesting either a partial block in thymocyte maturation from

the double-negative to double-positive stage or decreased sur-
vival of double-positive cells. However, the decreased cellular-
ity of mdm2puro/�7-12 thymuses cannot be attributed solely to a
block in thymocyte development because the absolute number
of the least mature, double-negative thymocytes was reduced
by greater than 80% from the number in wild-type animals.
Together, these results suggest that mdm2 may play a critical
role in T-cell development at multiple stages.

Given that both early T-cell precursors and B cells originate
in the bone marrow, the decrease in lymphocytes in the thy-
muses and spleens of mdm2puro/�7-12 mice could arise from a
deficiency in bone marrow lymphocytes. mdm2puro/�7-12 mice
contained only half as many bone marrow cells as wild-type
mice (Fig. 2G), with a sevenfold decrease in the number of

FIG. 2. Lymphopoietic defects in mdm2puro/�7-12 mice. (A and B) Hematoxylin- and eosin-stained 5-�m sections of (A) spleen and (B) thymus
from wild-type and mdm2puro/�7-12 mice. (C) Wright-stained bone marrow from mdm2 wild-type and mdm2puro/�7-12 mice. Lymphocytes are
indicated by arrows. (D) Number of total cells, CD4� and CD8� T cells, and B220� IgM� B cells in the spleen. Black bars, wild type; white bars,
mdm2puro/�7-12. (E) Representative flow cytometric analysis of thymocytes isolated from mdm2�/� and mdm2puro/�7-12 mice. (F) Number and
percentage of thymocytes in each maturation stage. Each circle represents an individual animal. Green, wild type; red, mdm2puro/�7-12. (G) Average
number of total, B220� CD43�, and B220� IgM� bone marrow cells per two femurs. Black bars, wild type (n 
 12); white bars, mdm2puro/�7-12

(n 
 12).

TABLE 2. Hematological profiles of age-matched wild-type and mdm2puro/�7–12 micea

mdm2
genotype No. RBC (106/�l) WBC (103/�l) Neutrophils

(103/�l)
Lymphocytes

(103/�l)

�/� 6 8.2 (7.2–9.5) 5.4 (3.5–7.3) 0.5 (0.1–1.0) 3.0 (2.7–3.4)
puro/�7–12 5 6.7 (6.3–7.5) 1.6 (1.1–1.8) 0.3 (0.1–0.4) 1.1 (0.8–1.3)

a Total red blood cell (RBC) counts and total white blood cell (WBC) counts were determined with an Advia 120 automated hematology analyzer (Bayer). Total
neutrophil and lymphocyte counts were calculated from the percentage of these leukocytes (manual differential count) and the total WBC count and are expressed as
the average concentration (range).
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lymphocytes (Fig. 2C). As in the blood, this profound decrease
in the number of lymphocytes was accompanied by smaller
decreases in other hematopoietic lineages. Both a twofold de-
crease in the number of erythroid cells, consistent with the
mild anemia identified by complete blood count analysis,
and a 1.2-fold decrease in the number of granulocytic cells
support the conclusion that the hematopoietic defects in
mdm2puro/�7-12 mice are most severe in the lymphoid lineage.

Next we assessed whether the deficiency of B lymphocytes
could be due to a defect in maturation. Immature progenitor B
cells express the CD43 and B220 (CD45R) surface markers,
whereas, after the transition from pro-B to pre-B, B cells
downregulate CD43 (53, 59). Following the synthesis of � light
chains, B cells express surface IgM and higher levels of B220
(53). Flow cytometric analysis revealed a 40% reduction in the
number of B220� CD43� immature B cells in the bone mar-
row of mdm2puro/�7-12 mice compared with wild-type mice,
with a further reduction (87%) in the number of more mature,
B220� IgM� B cells (Fig. 2G). Therefore, as with thymocytes,
loss of mdm2 may interfere with B-cell development at multi-
ple stages, with the reduction in the number of B220� IgM� B
cells stemming from both a decrease in the number of progen-
itor cells and a defect in maturation.

Increased p53-dependent apoptosis in mdm2puro/�7-12 lym-
phocytes. Because p90MDM2 can inhibit the apoptotic function
of p53 in cultured cells (14), we predicted that the lymphoid
deficiencies in mdm2puro/�7-12 mice were due to an increase in
the apoptotic activity of p53. We therefore determined the
number of apoptotic T and B cells in the thymus and bone
marrow, respectively. Costaining for T-cell markers and an-
nexin V, a marker of early stages of apoptosis, revealed a
4.1-fold increase in the percentage of apoptotic double-posi-
tive thymocytes, which likely explains the relative paucity of the
double-positive population. Increased apoptosis did not strictly
coincide with T-cell development, however, as thymocytes of
all maturation stages, including the least mature, double-neg-
ative cells, showed at least a twofold-greater proportion of
annexin V-positive cells (Fig. 3A).

Analysis of the number of apoptotic thymocytes in
mdm2puro/�7-12 mice that were homozygous for a null allele of
p53 (20) showed wild-type levels of apoptosis (Fig. 3A), dem-
onstrating that decreased expression of mdm2 can result in
p53-dependent apoptosis. Increased p53 function appears to
account for the thymic defects, since mdm2puro/�7-12 mice lack-
ing p53 had thymuses of normal size (Fig. 3B).

Costaining for B220 and annexin V also revealed a 1.9-fold
increase in the percentage of apoptotic B cells in the bone
marrow of mdm2puro/�7-12 mice relative to wild-type bone mar-
row (Fig. 3A). B cells from mdm2puro/�7-12 mice lacking p53
showed wild-type levels of apoptosis, and the number of B220�

B cells in the bone marrow of mdm2puro/�7-12 mice was rescued
by loss of p53 (Fig. 3C). Together, these results demonstrate
that mdm2 expression is critical for the inhibition of p53-
mediated apoptosis during lymphopoiesis.

Increased transactivation function of p53 correlates with
decreased mdm2 expression. Based on our finding that a 70%
decrease in mdm2 expression was sufficient to allow an in-
crease in the apoptotic function of p53, we predicted that the
transcriptional activation function of p53 would also be in-
creased in mdm2puro/�7-12 mice. Northern analysis of the p53-

responsive gene p21 revealed that, in both lymphoid and non-
lymphoid tissues from mdm2puro/�7-12 mice, expression of p21
was increased relative to that of the control, gapdh (Fig. 4A).
The greatest increase in p21 expression (an average of 10-fold)
was found in the spleen, whereas only a 2-fold increase was
seen in the thymus. An increase in p21 expression was also
evident in all tissues examined from mdm2�/�7-12 mice, sug-
gesting haploinsufficiency at the mdm2 locus. The increase in

FIG. 3. p53 deficiency rescues lymphopoietic defects in
mdm2puro/�7-12 mice. (A) Percentage of apoptotic cells in the lymphoid
compartment of wild-type, mdm2puro/�7-12, and mdm2puro/�7-12 p53	/	

mice. Freshly isolated bone marrow and thymocytes were stained for
the indicated B- and T-cell markers, respectively, incubated with an-
nexin V and propidium iodide (PI), and analyzed by flow cytometry.
DN, double negative; DP, double positive. (B) Thymuses from wild-
type, mdm2puro/�7-12, and mdm2puro/�7-12 p53	/	 mice. (C) Average
number of B220� bone marrow cells per two femurs from wild-type,
mdm2puro/�7-12, and mdm2puro/�7-12 p53	/	 mice.
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p21 mRNA was dependent on the presence of p53, since
mdm2puro/�7-12 mice lacking p53 showed wild-type levels of p21
expression in both spleen and thymus (Fig. 4B). This is the first
demonstration that mdm2 constitutively regulates the transac-
tivation as well as the apoptotic function of p53 in homeostatic
tissues.

Increased p53 activity in mdm2puro/�7-12 tissues occurs with-
out a concomitant increase in the level of p53. To determine
whether the decreased level of p90MDM2 in mdm2puro/�7-12

mice allowed the level of p53 protein to increase, we per-
formed Western analyses of p53. Instead of increasing, the
level of p53 decreased in lysates from mdm2puro/�7-12 thymi
compared to wild-type thymuses when equivalent amounts of
total protein were analyzed (data not shown). The level of the
loading control, TBP, was also decreased in lysates from

mdm2puro/�7-12 mice, leading us to speculate that nuclear pro-
teins were underrepresented in the samples. As the number of
T cells was diminished 10-fold in mdm2puro/�7-12 thymuses,
whereas the total thymus weight was decreased only 2.5-fold, a
greater proportion of the total protein is likely to be stromal,
causing a disproportionate representation of extracellular ma-
trix proteins in lysates of whole thymuses. Thus, we tested
whether the level of p53 was increased in preparations of
mdm2puro/�7-12 thymocytes isolated identically to those used
for the apoptosis assays that showed an increase in p53 func-
tion.

Although TBP levels were identical in isolated wild-type and
mdm2puro/�7-12 thymocytes, there was no significant increase in
the level of p53 protein (Fig. 4C). However, the same blot
showed an increase in p21 protein (Fig. 4C) consistent with the

FIG. 4. p53 function is increased independently of p53 accumulation in mdm2puro/�7-12 thymocytes. (A) Northern analysis of p21 and gapdh
mRNAs in multiple tissues. (B) Northern analysis of p21 and gapdh mRNAs in the spleen and thymus in the presence and absence of p53.
(C) Western analysis of p53, p21, and BAX in isolated thymocytes. MEFs lacking p53 were used as the negative control. TBP was used as a loading
control, and increasing amounts of lysate from wild-type MEFs were used as standards. (D) Western analysis of p53 prior to and following DNA
damage. Mice were left unirradiated (	IR) or subjected in duplicate to 10 Gy of ionizing radiation (�IR). Four hours after irradiation, thymocytes
were isolated. Increasing amounts of lysate from wild-type MEFs were used as standards. (E) Western analysis of p53 following deletion of exons
7 through 9 of mdm2 in spleens of mdm2flox/�7-12 Mx-cre� mice.
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p53-dependent increase in p21 mRNA shown in whole thy-
muses, suggesting that the specific activity of p53 was elevated
in mdm2puro/�7-12 thymocytes. In contrast, there was no in-
crease in the proapoptotic BAX protein, suggesting that ex-
pression of a subset of p53 target genes was increased (Fig.
4C). Indeed, Northern analysis showed no increase in bax
mRNA in thymuses from mdm2puro/�7-12 mice (data not
shown). The increase in p53 function does not appear to be
due to a decrease in the shuttling function of p90MDM2, be-
cause there was no significant increase in the level of p53 in the
nuclei of mdm2puro/�7-12 thymocytes (data not shown).

To verify that our detection method could detect an increase
in the level of endogenous p53, we compared the level of p53
in thymocytes from untreated and irradiated wild-type and
mdm2puro/�7-12 mice, because whole-body ionizing radiation is
known to increase the level of p53 in this cell type (40). The
levels of p53 were clearly increased in thymocytes from both
mdm2puro/�7-12 and wild-type mice following irradiation (Fig.
4D). Together, these results suggest that, in homeostatic tis-
sues, p90MDM2 selectively regulates the specific activity of p53
so that the function but not the stability of p53 is increased in
mdm2puro/�7-12 tissues. In contrast to the thymi, the spleens of
mdm2puro/�7-12 mice showed a slight increase in the level of
p53 (Fig. 4E). However, the increase was much smaller than
the 10-fold increase in the expression of p21 mRNA (Fig. 4B),
again indicating that the specific activity of p53 is elevated in
mdm2puro/�7-12 tissues.

The increase in the level of p53 was magnified in spleens
from mdm2flox/�7-12 Mx-cre mice, from which mdm2 had been
conditionally deleted (see Materials and Methods), suggesting
that the level of p90MDM2 in spleens from mdm2puro/�7-12 mice
may be sufficiently high to allow some ubiquitination of p53
(Fig. 4E). Together, these results indicate that although
p90MDM2 can regulate both p53 function and stabilization in
vivo, these two activities of p90MDM2 may be independently
controlled, as in some tissues stabilization of p53 does not
appear to be a prerequisite for increased function.

Spontaneous apoptosis in the small but not large intestine
of mdm2puro/�7-12 mice. Given that the transcriptional activity
of p53 was increased in all mdm2puro/�7-12 tissues examined, we
next investigated whether cell types in addition to lymphocytes
showed an increased frequency of p53-dependent apoptosis.
Terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick-end labeling (TUNEL), an assay for apoptotic cells (9),
revealed no increase in apoptosis in the liver, kidney, or colon
of mdm2puro/�7-12 mice (data not shown). In contrast, there
was a pronounced, 17-fold increase in the frequency of spon-
taneous apoptosis in the small intestine (Fig. 5A and B). Most
of the apoptotic cells in the small intestines of mdm2puro/�7-12

mice were in the crypts rather than the villi (Fig. 5D), in the
same region as the proliferating transitional cells known to
undergo p53-mediated apoptosis in response to ionizing radi-
ation (39). The increased incidence of apoptosis in the small
intestines of mdm2puro/�7-12 mice was dependent on p53, as
loss of p53 abrogated the increased number of apoptotic cells
(Fig. 5C). Thus, in addition to lymphocytes, the level of
p90MDM2 is important for regulation of the apoptotic function
of p53 in the epithelial cells of the small intestine.

Growth arrest in mdm2puro/�7-12 mouse embryo fibroblasts.

In addition to stimulating apoptosis, p53 can mediate growth
arrest in the G1 phase of the cell cycle (13, 23). To assess
whether the reduction in mdm2 could contribute to a growth
arrest, we measured the proliferation rates of mouse embryo
fibroblasts (MEFs) from wild-type, mdm2�/puro, mdm2�/�7-12,
and mdm2puro/�7-12 mice. The rate of proliferation correlated
with the level of mdm2, with MEFs from mdm2puro/�7-12 mice
being the slowest to proliferate (Fig. 6A). Moreover, the frac-
tion of cells traversing S phase, as determined by bromode-
oxyuridine incorporation, correlated directly with the level of
mdm2 expression. For example, the S-phase fraction of
mdm2puro/�7-12 MEFs was 72% � 4% of that of wild-type
MEFs (data not shown), suggesting that the low level of mdm2
leads to an increase in the G1 arrest function of p53. This result
was consistent with the finding that ionizing radiation, which is
known to enhance the G1 checkpoint function of p53 (24, 32),
caused a decrease in the S-phase fraction that correlated in-
versely with the level of mdm2 (Fig. 6B). Thus, the level of
mdm2 appears to regulate the G1 checkpoint function of p53.

Level of mdm2 expression is a strong determinant of radi-
ation sensitivity in vivo. The increased sensitivity of
mdm2puro/�7-12 MEFs to ionizing radiation suggested that the
low level of mdm2 in mdm2puro/�7-12 mice may become critical
in response to stress. Therefore, we asked whether
mdm2puro/�7-12 mice were more sensitive than wild-type mice
to whole-body ionizing radiation. At a dose of 10 Gy, 50% of
wild-type mice died between days 12 and 22 posttreatment
(Fig. 7), with the remainder surviving the course of the exper-
iment (40 days). In contrast, 100% of mdm2puro/�7-12 mice died
between 7 and 9 days posttreatment. Both mdm2�/puro and
mdm2�/�7-12 mice were also more radiosensitive than wild-

FIG. 5. Increased number of apoptotic cells in crypts of small in-
testines from mdm2puro/�7-12 mice. TUNEL staining (green) was per-
formed on 5-�m sections of the small intestine. Propidium iodide (red)
was used to stain all nuclei. (A) Wild type. (B) mdm2puro/�7-12.
(C) mdm2puro/�7-12 p53	/	. (D) Close-up of crypt from mdm2puro/�7-12

mouse small intestine.
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type mice, with 100% of mdm2�/puro and mdm2�/�7-12 mice
dying by days 20 and 14, respectively, following treatment.

Pairwise comparisons with the log-rank test indicate that the
survival times of all genotype combinations except mdm2�/puro

and mdm2�/�7-12 are significantly different (P � 0.005). The
increased sensitivity of mdm2�/puro mice indicates that even a
moderate, approximately 20% reduction in mdm2 is sufficient
to sensitize mice to the lethal effects of ionizing radiation.
Furthermore, since all the mdm2puro/�7-12 mice died before any
mdm2�/�7-12 mice died, mdm2 expression and activity must be
exquisitely controlled in vivo, as mdm2 expression differed by
less than twofold between these genotypes. As p53 is a key
mediator of radiation-induced death in vivo (58), the increased

radiation sensitivity in mice with reduced mdm2 is likely due to
aberrant p53 activity stemming from insufficient inhibition of
p53 by p90MDM2. Indeed, the sensitivity of mdm2puro/�7-12 mice
to whole-body irradiation was dependent on p53, as 100% of
mdm2puro/�7-12 p53	/	 mice survived for at least 35 days fol-
lowing irradiation (Fig. 7). Thus, mdm2 protects mice from the
lethal effects of ionizing radiation. These studies identify
mdm2 as a key determinant of radiation sensitivity in vivo.

DISCUSSION

mdm2 is a survival factor in the thymus, bone marrow, and
small intestine. Mice with decreased expression of mdm2 have
defects in lymphopoiesis and in epithelial cell survival that can
be attributed to an increased frequency of spontaneous p53-
dependent apoptosis. While all of the phenotypes reported
here are dependent on p53, demonstrating that the major role
of mdm2 in adult tissues is to inhibit the activity of p53, our
results do not exclude p53-independent functions for
p90MDM2. Indeed, decreased expression of mdm2 alters the
tumor spectrum in p53-null mice (36). However, to date, no
p53-independent phenotypes have been observed in the
mdm2puro/�7-12 mice.

Does p90MDM2 block a signal to p53? Tissue-specific differ-
ences in susceptibility to p53-mediated apoptosis are not un-
derstood. Based on a strong correlation between tissues that
accumulate high levels of p53 and those that undergo p53-
mediated apoptosis following whole-body ionizing radiation, a
model was proposed in which the induced level of p53 protein
determines whether a cell type undergoes p53-mediated apo-
ptosis (25, 26, 34). As we have demonstrated, a detectable
increase in the level of p53 is not required to stimulate p53-
mediated apoptosis in vivo, at least in thymocytes, which show
an increased incidence of apoptosis in mdm2puro/�7-12 mice
without an evident rise in the level of p53 protein. These
results indicate that the tissue-specific differences in propensity
to undergo p53-mediated apoptosis cannot be explained by
differences in the accumulation of p53 protein.

FIG. 6. Proliferative capacity of MEFs from mice of various mdm2
genotypes. (A) Growth curves for MEFs of the indicated genotypes.
MEFs were seeded in triplicate at an initial density of 106 cells per
plate and counted every 3 days, after which they were replated at the
original density. Graphed is the average number of cells per plate at
each passage. Consistent results were obtained for independently de-
rived MEFs. (B) Ratio of the percentage of cells in S phase 16 h
following treatment with 2 or 8 Gy of ionizing radiation (�IR) to the
percentage in S phase in the absence of treatment (	IR). Bromode-
oxyuridine incorporation was used to determine the S-phase fraction.

FIG. 7. p53-dependent radiosensitivity in mdm2puro/�7-12 mice.
Kaplan-Meier survival curves of age-matched wild-type (n 
 12),
mdm2puro/�7-12 (n 
 13), mdm2�/�7-12 (n 
 7), mdm2puro/�7-12 (n 
 9),
and mdm2puro/�7-12 p53	/	 (n 
 8) mice following exposure to 10 Gy
of whole-body ionizing radiation.
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Recent evidence suggests that specific covalent modifica-
tions alter the ability of p53 to induce apoptosis, and a two-step
model has been put forth in which p53 is released from
p90MDM2 to become stable and also covalently modified to
become active (57). Our data indicate that accumulation of p53
is not critical for increased apoptosis. However, in
mdm2puro/�7-12 mice, the decrease in mdm2 expression was
sufficient to allow p53-dependent apoptosis in a subset of tis-
sues, suggesting either that p53 is modified constitutively in
lymphocytes and epithelial cells of the small intestine or that
modification is not required for p53 to stimulate apoptosis.
The mice described here will be valuable tools for deciphering
which modifications of p53, if any, are required for its apopto-
tic function.

If modification of p53 is required for spontaneous apoptosis
in mdm2puro/�7-12 tissues, it is not evident what signaling
pathway mediates the modification. Although aberrant double-
strand breaks are known to activate p53 in thymocytes, recom-
bination is not required for thymocytes to undergo p53-medi-
ated apoptosis (12, 44). Moreover, although double-strand
breaks are likely to occur in unirradiated epithelial cells of the
small intestine due to errors in replication (5), such breaks
would also be expected in the actively dividing cells of the
colon, which do not show an elevated frequency of apoptosis.
Normal levels of p90MDM2 may nullify the effects of an un-
identified signal intrinsic, for example, to epithelial cells in
crypts of the small intestine but lacking in colonic epithelial
cells. Alternatively, it may be that no signal is required to
activate the apoptotic function of p53 other than one that
inhibits p90MDM2. If the second explanation is correct, this
implies that tissue-specific differences in p53-mediated apopto-
sis are mediated through events downstream of p53, since only
a subset of tissues underwent p53-mediated apoptosis when
levels of p90MDM2 were reduced, whereas all mdm2puro/�7-12

tissues tested showed an increase in the transcriptional activa-
tion function of p53.

Regulation of mdm2 expression. Our results demonstrate
that mdm2 is critical for homeostasis, yet little is known about
the mechanisms that regulate expression of mdm2 and the
function of p90MDM2 in tissues. The p53-MDM2 autoregula-
tory loop model proposes that p53 regulates its own activity by
determining the level of its inhibitor, p90MDM2 (1, 49, 60).
However, our laboratory and others have shown that p53 does
not regulate basal levels of mdm2 expression in tissues (31, 37).
In fact, 80 to 90% of mdm2 mRNA in murine tissues is tran-
scribed from an upstream promoter that is unresponsive to p53
(22, 37). The unidentified transcription factors that regulate
this promoter may be critical for controlling p53, since the level
of p90MDM2 correlates with the level of mdm2 mRNA tran-
scribed from this promoter in murine testis, thymus, brain, and
heart (7, 48). Although the level of p90MDM2 varies consider-
ably among wild-type tissues (48), here we show that it is
sufficient to keep the transcriptional activation and apoptotic
functions of p53 low or undetectable in all tissues tested. In
addition to the level of p90MDM2, posttranslational modifica-
tions that alter the activity of p90MDM2 may be critical for
determining the activity of p53.

Specific activity of p53 is elevated in mdm2puro/�7-12 thymo-
cytes. In mdm2puro/�7-12 thymocytes, the percentage of apopto-
tic cells is increased approximately threefold in the absence of

an apparent increase in the level of p53. The simplest inter-
pretation of these data is a model in which the level of
p90MDM2 in mdm2puro/�7-12 mice is sufficiently low to allow the
transcriptional activation domain of p53 to interact more effi-
ciently with the transcriptional machinery but high enough to
ubiquitinate p53. The finding that p53 does not accumulate in
the nuclei of mdm2puro/�7-12 thymocytes is consistent with a
normal level of ubiquitination of p53, since nuclear export of
p53 is enhanced by ubiquitination. In fact, our observation that
whole-body irradiation does not result in a greater accumula-
tion of p53 in mdm2puro/�7-12 thymocytes than in wild-type
thymocytes suggests that the level of p90MDM2 is not rate-
limiting for controlling the level of p53 in this cell type. In the
mdm2puro/�7-12 spleen, the level of p53 was slightly elevated
(less than twofold). However, p53 induced p21 expression 10-
fold in this tissue, demonstrating that the specific activity of
p53 is increased when mdm2 expression is reduced. Condi-
tional deletion of mdm2 resulted in enhanced accumulation of
p53 protein in the spleen, indicating that p90MDM2 does reg-
ulate the level of p53 in this homeostatic tissue.

mdm2 protects against the lethal effects of radiation. The
p90MDM2/p53 interaction is a potential target for adjuvant che-
motherapy (2). This work provides in vivo evidence for the
feasibility of such approaches. The activity of p53 is exquisitely
balanced, as evidenced by the increased radiosensitivity of
mdm2puro/� mice, in which mdm2 expression is decreased ap-
proximately 20%. Prior to the work presented here, there was
no evidence that partial inhibition of p90MDM2 would be suf-
ficient to activate p53 in vivo. Moreover, the fact that a small
decrease in p90MDM2 activates p53 and sensitizes cells to ra-
diation suggests that efficient inhibition of p90MDM2 function
would not be required in order for proposed adjuvant chemo-
therapies to be efficacious.

Our work has further implications for the design of adjuvant
therapies to activate p53, as it suggests that the ubiquitin ligase
function of p90MDM2 may not be the optimal target for inhi-
bition. Drugs that target this function of p90MDM2 may need to
be extremely efficient in order to increase the level of p53.
However, targeting the physical interaction between p90MDM2

and p53 would appear likely to increase the activity of p53 and
synergize with primary cancer therapies. Finally, the fact that
few tissues undergo p53-mediated apoptosis in response to
decreases in mdm2 implies that most nontumor tissues will be
spared by adjuvant therapies that target the p53/p90MDM2 in-
teraction. Based on a recent report suggesting that elevated
levels of p53 activity accelerate aging (56), one might speculate
that drugs inhibiting p90MDM2 would cause aging. However, no
evidence for increased aging has been seen in mdm2puro/�7-12

mice up to 22 months of age. Thus, combined with primary
therapies targeted to tumor sites, adjuvant therapies that in-
hibit p90MDM2 may in fact provide good tumor specificity.
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